The relaxation mechanisms in thin nickel films are investigated with all optical pump-probe experiments. Magnetic oscillations in the GHz range can be attributed to the uniform precession (Kittel mode) and spin waves with dipole character (Damon-Eshbach surface modes). Applying an external field changes both oscillation amplitude and frequency yielding experimental dispersions ν(Hext). On a wedge-shaped nickel sample we discuss i) the merging of Damon-Eshbach with the Kittel mode at a critical field as well as ii) the thickness dependence of the wave vector for magnetostatic surface waves. The signature of a non-linear interaction of modes is found such that the energy pumped into dipolar surface modes is transferred to the Kittel mode and the relaxation amplitude resonantly increases at mode crossings.
Modern hard disc drives read and write data at rates of 1 Gbit s −1 or higher and read/write cycles approach timescales in the nanosecond regime. Especially when switching the magnetization of one bit, a fundamental understanding of possible magnetic excitations after the field pulse is needed to build even faster devices.
Such excitations include propagating spin waves (spin wave bullets). Their generation and manipulation has already been demonstrated [1] . Thinking of a magnetism based spin-wave logic they are of great importance; they have been recently utilized to implement XNOR and NAND gates in YIG microstripes [2] . To reduce the size of potential devices, effective pumping mechanisms are needed in ferromagnetic metallic films owning much smaller characteristic magnetic length scales. One way to pump energy into a certain spin-wave mode is by nonlinear interaction between different modes. Driven to an extreme, this transfer of energy from higher to lower energy modes results in Bose-Einstein condensation observed at room temperature [3] . Here in focus are dipolar spin-wave modes excited by an intensive laser pulse in a thin nickel film and their crosstalk with the localized uniform precession (Kittel mode) and perpendicular standing spin wave modes (PSSW) tuned by the applied magnetic field.
For a ferromagnetic slab, using a long-wavelength approach (neglecting exchange), the Landau-Lifshitz equation of motion for the magnetization vector M can be solved analytically, accounting for Maxwell's equations in the magnetostatic limit and adequate boundary conditions [4] . An analogous approach in Ref. [5] yields dispersion characteristics taking into account exchange interactions as well as anisotropy.
Spin waves can experimentally be accessed in the frequency domain by means of Brillouin light scattering (BLS) [6] . The dependence of the frequency on the wave vector is obtained and quantization conditions arising from laterally confining geometries and magnetic nanostructures can nicely be verified [7] . An approach in the * Electronic address: lenk@ph4.physik.uni-goettingen.de time domain is given via femtosecond laser pulse excitation and probing the time resolved magneto-optical Kerr effect (TRMOKE) [8, 9, 10] . Therewith, spin dynamics in the femtosecond regime can be detected. Here, electronic excitations lead to a demagnetization and subsequent relaxation into the initial state via scattering of high energy to low energy spin waves [11] .
In this paper the localized Kittel mode as well as the standing spin-wave mode are excited in the ferromagnetic sample and we study their interaction with propagating Damon-Eshbach (DE) surface waves. These surface modes have previously been detected only with BLS [12] . We shall see in the following that intrinsic to the experimental method used here, they dominate the relaxation spectra if the sample thickness considerably exceeds the optical penetration depth λ opt ≈ 15 nm in nickel.
The dependence of the surface waves on an applied external field will be examined and before addressing our experimental findings, a very basic summary of References [4] and [13] on the theory of dipolar spin waves neglecting the exchange interaction is given. As depicted in Fig. 1 
where H x is the in-plane component of H ext , µ 0 M S = 659 mT is the saturation magnetization of nickel, γ the gyromagnetic ratio and d the sample thickness ( Fig. 1) . In Ref. [13] the authors point out that for a continuous film the wave vector k is not only dependent on sample thickness but will also change depending on the direction of the internal field H i with respect to the sample plane. If the angle between H i and sample plane deviates from 0 by several degrees, the surface-wave frequency will be reduced. In terms of the magnetostatic mode spectrum the frequency gap between uniform precession and DE surface mode will continuously decrease if the internal field is more and more canted out of plane, until at a critical field the two modes cannot be distinguished in the frequency domain. This correlation provides the tool to tune the crosstalk between both.
The thickness dependence of the occurring modes is measured on a wedge-shaped sample to perform all measurements on one specimen. The samples were prepared by electron beam evaporation in ultra high vacuum under a base pressure of 5 × 10 −10 mbar. A linearly moving shutter was used to produce a nickel wedge with thickness 20 nm ≤ d ≤ 220 nm on a Si(100) substrate and in order to avoid oxidation, the ferromagnetic layer was capped with a 2 nm copper layer. Sample geometry and size is illustrated in the inset in Fig. 3 .
The measurements were performed at room temperature with an all optical pump-probe setup as previously described in Ref. [14] . We utilized a Ti:Sapphire laser for the generation of laser pulses with a duration of 60 fs and central wavelength λ c = 810 nm. After excitation with an intensive pump pulse (pump fluency F = 40 mJ cm −2 ) the subsequent magnetic relaxation was probed with a second, time-delayed pulse using the magneto-optical Kerr effect (MOKE). All measurements reported here were obtained using a time delay 0 ≤ τ ≤ 1 ns; the lowest frequency resolved in the Fourier transformed spectra therefore is 1 GHz. Given the angular dependence of the surface-wave frequency on H i , we tilted the external field by 30
• out-of-plane therewith controlling the angle between sample plane and H i . For an external field of µ 0 H ext = 150 mT, which is the maximum used in the experiments, we calculated a rotation of H i of α max = 7
• out-of-plane due to the Zeeman term in balance with the shape anisotropy.
In order to obtain the relaxation frequencies from the time-dependent MOKE spectra, the incoherent background owing to phonons and magnons is subtracted. Thereafter, Fourier transformation of the M (τ ) curves yields peaks in the relaxations' frequency dependent power spectra, the position of which is determined and plotted versus µ 0 H ext . Shown in Fig. 2 are power spectra recorded at different Ni thicknesses, revealing up to three relaxation modes of different origin. In the upper row the power spectra are plotted in a color map as calculated from the M (τ ) curves. In the bottom row all spectra have been normalized and data points represent the peak po- Fig. 2(a) . Upon increasing layer thickness the DE mode dominates the spectra up to critical fields as high as µ 0 H crit = 100 mT. For higher fields it merges into the Kittel mode resulting in a very strong increase in Fourier power as seen in the non-normalized data ( Fig. 2(b,c) ). The propagating surface mode seems to lock to the frequency of the uniform precession and perpendicular standing spin waves within that field region.
Note that for d = 80 nm and µ 0 H ext ≥ 60 mT an exchange dominated perpendicular standing spin wave forms with the frequency ν pssw above the uniform precession frequency ν k . According to Ref. [15] the corresponding frequencies are connected via
where D is the spin wave stiffness and k p is the spin wave vector perpendicular to the sample plane. Using D = 2Aγ/M S (Ref. [16] ) the exchange constant A can therefore be determined from the constant frequency shift in Fig. 2(a) . Regardless of amplitude profiles not perfectly matching a sinusoidal geometry, the standing spin waves of lowest order satisfy k p = π d −1 and with ∆ν = ν pssw − ν k = 1.57(5) GHz we obtain A = 9.5(3) × 10 −12 J m −1 . Our value is slightly higher but in good agreement to reported literature values: A = 7.5 × 10 −12 J m −1 from spin wave resonance [17] , A = 8.2 × 10 −12 J m −1 and A = 7.6 × 10 −12 J m −1 from small-angle neutron scattering in polycrystalline and nanocrystalline Ni, respectively [18] . Both modes merge for higher thicknesses d > 80 nm as their separation in frequency decreases. The two clearly separated branches at d = 80 nm Fig. 2(a) are not present in the case of d = 100 nm Fig. 2(b) and the line width is noticeably increased. Further measurements at nickel thicknesses d < 80 nm reveal similar spectra with equidistant branches as seen in Fig 2(a) , yet differing critical fields. Geometry and anisotropy have to be taken into account to understand the experimental spectra but in the following we shall focus on the dipole-dominated waves laterally propagating on the sample surface.
As described, DE surface modes are first observed at d = 80 nm and there only present at low external fields. For thicker nickel layers these modes dominate the spinwave relaxation over a wider field range but remain limited by a threshold field value determined by the mode crossing. This behavior is due to the excitation mechanism: the initial excitation depth is governed by the penetration of the laser field and the energy is deposited in form of an initial disarrangement of spins [11] . This energy will very effectively excite eigen modes with similar spatial distribution making DE surface modes the favored relaxation channel. Herein lies a strong analogy to surface acoustic waves excited with laser pulses. Those waves can be used to determine elastic properties of surface layers [19] , whereas DE modes are probing the surface of the magnetic film within their decay length.
The peculiar characteristic evident in Fig. 2 is the crosstalk of modes as the DE mode merges into the frequency branch attributed to the Kittel and PSSW mode for sufficiently high fields resulting in the high intensity region in the power spectra. An increase of the external magnetic field causes a deviation of the experimental dispersion ν de (µ 0 H ext ) from Eq. 1 thus leading to the conclusion that (the projection of) the wave vector k as depicted in Fig. 1 does not remain constant. The angle α between H i and sample plane increases and hence, the frequency of the DE surface mode approaches the one of the Kittel k = 0 mode at one point. Around that frequency crossing the wave vector deviates from being constant. Despite the fact that the surface wave still propagates, its frequency matches the uniform precession. This might be interpreted as resonance-like behavior leading to a strong increase in oscillation amplitude at high fields in the original non-normalized power spectra shown in the upper row of Fig 2(b,c,d) . Starting from the highly asymmetric initial excitation profile, uniform precession as observed in the spectra is extremely unfavored. It can only be understood in view of the apparent locking of both frequencies. Both together, this is a strong evidence of an energy transfer between the two relaxation modes. Only if the propagating surface waves couple to the localized Kittel mode the amplitude of the magnetic oscillation can be that drastically increased.
For the strong intensity peak evolving to higher fields, one finds a clear trend: with increasing nickel thickness its intensity is reduced and moved out of the field range observed. This behavior can be attributed to the excitation mechanism as only spins near the surface are initially excited and uniform precession cannot occur before distribution of energy into the whole layer [11] . Above a threshold thickness the spins deeper inside the magnetic layer will remain aligned with H i and suppress a uniform oscillation.
From the plots ν(µ 0 H ext ) one can extract the sample's anisotropy as well as the DE wave vector away from the crossing points. Starting from the free magnetic energy density, the theoretical dispersion describing the Kittel mode is found [20] 2πν
where the only free parameter K z accounts for effective anisotropy in perpendicular direction, namely interface and surface contributions. Fitted values are within the range of K z = 4.6(1) × 10 −12 J m −3 to 7.6(3) × 10 −12 J m −3 and reveal a somewhat monotonous increase by 60% from d = 40 nm to d = 220 nm, respectively. Plotted in Fig. 3 is the DE wave vector k versus the layer thickness d. The values were obtained in the limit H ext = 0, thus assuming that M and k are completely in-plane, which is a necessary condition for application of Eq. 1. A well defined k vector can be identified for each position on the wedge and a non-linear monotonous decrease is found, which originates from the highly asymmetric optical excitation. For d = 80 nm no reasonable value for k can be determined since only data points close to the point of mode crossing are available and k is already deviating. By taking the ordinate intersection of all DE frequency spectra, a linear decay of the frequency from 5.7 GHz to 3 GHz can be extrapolated and inserted into Eq. 1 to describe the monotonous decrease as shown by the solid line in Fig. 3 .
For finite external fields we found a coupling of the DE mode to the Kittel mode, i.e. magnetic excitational energy was transferred from the surface into the magnetic layer. But at zero external field the uniform precession cannot be excited (see Eq. 3) and a transfer of energy is forbidden. Thus, the relaxation can only take place through propagating surface waves. Since the precessional amplitude of DE surface waves is exponentially decaying into the layer, i.e. negative z direction, the spins precess in-phase and the wave vector k is given by the attenuation into the volume of the magnetic layer. If the layer thickness is increased, the distribution of magnetic excitational energy across the layer leads to smaller attenuation and hence, the wave vector decreases. As seen in Fig. 3 , saturation occurs in the limit of thick films since DE surface waves are the only modes of relaxation and the wave vector therefore has to remain finite.
In conclusion we have identified the observed relaxation channels in a nickel film after femtosecond optical excitation. We found Damon-Eshbach surface waves to be the dominant mode of relaxation for Ni thicknesses above 80 nm. Using time-resolved MOKE measurements the dependence of surface mode frequency on external field has been evaluated and a crosstalk of the uniform precession and DE surface mode has been observed.
